Two novel furaquinocin (FQ) analogues, I (1) and J (2), were isolated from Streptomyces reveromyceticus SN-593 strain NRM2. Their structures were elucidated by MS and NMR analyses. Similar to the previously described FQ D (3), both 1 and 2 possessed a dihydrofuran ring fused to a polyketide naphthoquinone skeleton. The main difference between 1, 2 and 3 was the type of residue attached to C-13; these were a carboxyl, a carboxamide and a methyl residue, respectively. 
INTRODUCTION
The majority of bioactive compounds used as drugs and bioprobes originally derive from the secondary metabolites of microorganisms. Genome sequence analyses have shown that the number of bioactive compounds isolated from Streptomyces spp. is much lower than the number of gene clusters harbored by each species. [1] [2] [3] This indicates that the majority of gene clusters are either not expressed, or are only minimally expressed, under standard laboratory conditions. To discover novel natural products that are normally expressed at a very low level, we have been performing a systematic isolation of secondary metabolites. As a result, we isolated verticilactam 4 from Streptomyces spiroverticillatus JC-8444, a tautomycin producer, 5 and 6-dimethylallylindole-3-carbaldehyde 6 from S. reveromyceticus SN-593, a reveromycin producer. 7 In addition, from S. reveromyceticus SN-593, we detected metabolites showing UV spectra similar to furaquinocin (FQ), but different mass from the reported FQs. Consistent with the finding, we could annotate an FQ biosynthetic gene cluster from the genome draft sequence. However, with the quantity produced by wild type strain, it was not possible to isolate and determine the structure. So, in order to improve the production of novel FQ derivatives, we performed the expression of pathway-specific regulatory genes associated with the FQ biosynthetic gene cluster. Activation of pathwayspecific positive regulatory gene is commonly used for augmentation of secondary metabolites in Streptomyces. [8] [9] [10] FQs, originally isolated from the culture broth of Streptomyces sp. KO-3988, 11 have cytocidal activities without antibacterial activity. So far, eight analogues of these polyketide isoprenoid hybrid compounds ( Figure 1 ) [11] [12] [13] and their gene cluster 14 have been identified. However, no new analogues have been described since the discovery of FQ two decades ago. Here, we report the identification of the novel FQ analogues FQ I (1) and FQ J (2) from a genetically-engineered strain of S. reveromyceticus SN-593.
RESULTS AND DISCUSSION
Enhanced FQ production on strain NRM2 The production of reveromycins was completely abolished in the strain NRM1. In addition, it accumulated a derivative of benzoxazole-4-carboxylic acid, possibly due to the changes in the metabolism of primary metabolites. On the basis of the structure, it is speculated that the benzoxazole-4-carboxylic acid derivative is not involved in FQ biosynthesis. The structure elucidation and biosynthesis of this compound will be reported elsewhere. In wild type strain, the benzoxazole-4-carboxylic acid derivative could also be detected in the early stationary phase of culture (day 3-4), whereas it diminished on the fifth day. The amount of the benzoxazole-4-carboxylic acid derivative was reduced in the NRM2 strain, and its peak showed similar UV spectrum to that of FQs on the HPLC chromatogram ( Figure 2 ). Products corresponding to the extract's three major peaks were isolated so that their structures could be elucidated. These were identified as 1, 2 and 3, respectively (Figure 1) , where 3 was the major metabolite. The production of 3 as a major metabolite is also reported by heterologous expression of fur1 to fur21 on S. lividans 14 and S. albus. 15 Given the findings of heterologous studies and our observations that FQ production was enhanced simply by the introduction of fur22 to the strain NRM1, Fur22 can be considered a positive regulator of FQ biosynthesis.
The total amount of FQs produced by strain NRM2 was calculated on the basis of a calibration curve in which the quantity of 3 was plotted against the peak area obtained on the HPLC chromatogram. These values were highly correlated, (R 2 ¼0.999), and the curve indicated that 705 mg of FQs were produced per liter of culture broth. Although FQs were major metabolites compared with the benzoxazole-4-carboxylic acid derivative in the strain NRM2, peak area determination for quantification of FQs was carried out at a wavelength of 261 nm, where the benzoxazole-4-carboxylic acid derivative had lowest UV absorption. Table 2 ).
The naphthoquinone skeleton was confirmed by HMBCs of H-5 to C-3a, C-4, C-5a, C-6 and of C-9a, and C-8-Me to C-7, C-8 and C-9 ( Figure 3a) . A methoxy group was assigned at C-7 by an HMBC of C-7-Me to C-7. A dihydrofuran ring and its fusion to the naphthoquinone were confirmed by HMBCs of H-2 to C-3a and C-9b, C-2-Me to C-3, and C-3-Me to C-3 and C-3a. The structure of the side chain at C-3 was determined by DQF-COSY, which revealed connectivity between C-10 and C-12, and by an HMBC spectrum showing the following correlations: H-12 to C-13 and C-14, and H-15 to C-12, C-13 and C-14. This confirmed the attachment of a carboxyl group to C-13. The side chain was assigned at C-3 by HMBCs of H-10 and H-11 to C-3. The 13 C NMR chemical shift of C-15 (12.8 ppm) suggested that the double bond at C-12 was in the E-configuration; this was confirmed by 1D NOE difference spectra, which showed an NOE at H-11 by an irradiation to H-15 ( Figure 3b) . Results from the 1D NOE difference spectra also indicated that both the C-2-Me and C-3-Me had a trans-configuration, as an NOE at H-2 was observed by an irradiation to C-3-Me. Given the structure of compound 1, we determined it was a novel FQ, which we named FQ I. Compound 2 was obtained as a yellow powder. Its UV absorption spectrum, with l max (MeOH) values of 221, 268, 292 and 407 nm, was identical to that of 1, suggesting that 2 also had a naphthoquinone skeleton and was an FQ derivative. An ESI-MS showed a quasimolecular ion peak at m/z 414 [M-H] À , indicating that 2 contained a nitrogen atom. HR-MS (m/z: 414.15819 [M-H] À calcd. for C 22 H 24 NO 7 414.15528) determined that the molecular formula of the compound was C 22 H 25 NO 7 . 1 H and 13 C NMR spectra were identical with those of 1 except for the signals associated with the side chain. These suggested that the hydroxyl group present in 1 was replaced with an amino group in 2. The FQ skeleton was determined using 2D NMR correlations (DQF-COSY and an HMBC spectrum) and a comparison of NMR chemical shifts between 1 and 2. The structure of the side chain was determined by DQF-COSY, which revealed the connectivity between C-10 and C-12 and HMBC, which showed the following correlations: H-10 to C-3, C-3a and C12; H-11 to C-12 and C-13; and H-15 to C-12, C-13 and C-14 ( Figure 4a) . The low C-14 field shift and the similarity in C-10 chemical shifts between the 13 C NMR spectra for 1 and 2, both indicated that the amino group was attached to C-14. The attachment of the side chain to C-3 was confirmed by HMBC correlation from H-10 to C-3. The double bond at C-12 was determined to be in the E-configuration, as indicated by the 13 C NMR chemical shift at C-15 and the NOE correlation between H-11 and H-15 in the NOESY spectrum (Figure 4b ). The NOESY spectrum also showed an NOE between H-2 and C-3-Me, suggesting they were in the trans-configuration. According to the optical rotation value (À39.91 (c 0.48, CHCl 3 )), this compound had the same absolute stereochemistry as 1. Thus, we determined that compound 2 was a novel FQ, which we have named FQ J. The complete NMR spectra of 2 are presented in Supplementary Figures 9-15 .
Biosynthesis of 1 and 2
FQs are polyketide isorpenoid hybrid compounds biosynthesized by prenylation of a 1, 3, 6, 8-tetrahydronaphthalene derivative (polyketide) with a geranyl diphosphate (isoprenoid), followed by a series of reactions. 14, 15 By taking advantage of known FQ gene cluster from original producer strain S. sp. KO-3988, 14 we could find a highly homologous gene cluster from S. reveromyceticus SN-593. On the basis of the structures of 1, 2 and 3, and gene annotations (Supplementary Table 1 ), it is expected that three rounds of oxidation at C-14 of 3 will Novel furaquinocins from Streptomyces reveromyceticus SN-593 S Panthee et al lead to the formation of carboxyl group (1) by a P450 (Fur8), whereas carboxamide formation from 1 by an aminotransferase (Fur3) will lead to 2. Although the FQ gene cluster includes candidate genes of P450 and aminotransferase, it is too early to conclude that these genes are responsible for oxidation and transfer of amino group in FQs, without genetic and biochemical characterization.
Biological activity of 1 and 2
In order to investigate potential cytocidal activities of 1 and 2, the compounds were added to the culture medium of HeLa cells. No significant cytocidal activity was detected at concentrations of 0.1-30 mg ml À1 . Among FQs, FQ H displays the strongest cytocidal activity, with an IC 50 value of 0.08 and 0.22 mg ml À1 against B16 melanoma cells and HeLa S3 cells, respectively. 12 The difference in activity level between FQ H and the novel compounds reported here may have resulted from the structural modification at C-14. Future research should investigate whether 1 and 2 display bioactivity in other assay systems. To facilitate these and other related studies, 1 and 2 will be deposited to RIKEN NPDepo (http://www.npd.riken.jp), where they will be made available for use by other researchers. In summary, we not only enhanced the production of FQs from S. reveromyceticus SN-593, but also isolated two novel FQ analogues. Our results suggest that a systematic isolation and the engineering of pathway specific regulatory genes might be a promising approach to identify metabolites hidden inside Streptomyces.
METHODS General
All chemicals and reagents were of analytical grade and were purchased from Wako (Osaka, Japan), Nacalai Tesque (Kyoto, Japan) or Sigma (St Louis, MO, USA). UV spectra were measured with a JASCO 660 UV-vis spectrometer (JASCO International, Tokyo, Japan), whereas optical rotations were measured with a HORIBA SEPA-300 high sensitive polarimeter (Horiba, Kyoto, Japan). HR-MS were measured with a JEOL AccuTOF JMS-T700 LCK mass spectrometer (JEOL, Tokyo, Japan). 1 H, 13 C and 2D NMR spectra of 1 and 2 were measured in CD 3 OD, whereas FQ D (3) was measured in CDCl 3 on a JEOL ECP 500 FT-NMR spectrometer (JEOL) (500 MHz for 1 H and 125 MHz for 13 C and 2D). Infrared spectra were recorded on a Fourier transform infrared spectrometer (FT-720, Horiba, Kyoto, Japan).
Bacterial strains and culture conditions
Escherichia coli (E. coli) DH5a was utilized for general gene cloning and E. coli GM2929 hsdS::Tn10 (pUB307::Tn7) 16 was used for conjugal gene transfer. Each strain was cultured in Luria-Bertani broth (Nacalai Tesque) supplemented with appropriate antibiotics (ampicillin 100 mg ml À1 , kanamycin 50mg ml À1 , streptomycin 50 mg ml À1 , spectinomycin 100 mg ml À1 , chloramphenicol 30 mg ml À1 ) as required.
Spores of different S. reveromyceticus SN-593 strains were prepared on an mannitol soya flour plate (2% soya flour, 2% D (À)-mannitol and 2% agar) containing 10 mM MgCl 2 and were inoculated on soluble starch yeast extract medium (70 ml: 0.1% yeast extract, 0.1% NZ-amine and 1% soluble starch) contained in a 500-ml cylindrical flask rotating at 150 rpm for 2 days at 28 1C. After seed cultures (1 ml) were inoculated into a 500-ml cylindrical flask containing 70 ml of production medium, 6 they were cultured for an additional 5 days under the same conditions.
DNA manipulation and construction of the FQ-producing strain DNA manipulation including genomic DNA isolation was done as described in standard protocols. 17, 18 An 822-bp DNA fragment of fur22, a gene belonging to Streptomyces antibiotic regulatory protein family, was amplified from genomic DNA using sets of primers Bam-fur22-F: CGCGGATCCATGAAGATTCAGCTG CTTGGC and Hind-fur22-R: CCCAAGCTTTCACGCGGCGTAGAGGTCGAA (restriction site underlined), using a DNA Engine thermal cycler (Bio-Rad, Hercules, CA, USA). The DNA fragment was isolated and ligated to BamHI and HindIII sites of pTYM19 19 containing an aphII promoter. The resulting plasmid (pTYM-Fur22) was transformed to E. coli GM2929 hsdS::Tn10 (pUB307::Tn7) and then to the NRM1 strain 20 by conjugal gene transfer to construct FQ-producing strain (NRM2) (Scheme 1). Selection of exconjugants was performed on an mannitol soya flour agar plate containing 25 mg ml À1 thiostreptone and 5 mg ml À1 carumonam, as described. 6 Cell culture and cell proliferation assay HeLa S3 cells were cultured in Dulbecco's modified Eagle medium, supplemented with 10% fetal bovine serum and antibiotics. For the cell viability assay, 4Â10 3 cells per well were seeded in a 96-well culture plate. FQs were added to the culture medium at various concentrations from 0.1-30 mg ml À1 . After 48 h of incubation, we counted the cells by measuring the absorbance at 450 nm, using a Cell Count Reagent SF kit (Nacalai Tesque). 21 
Extraction and analysis of secondary metabolites
The culture broth (4 ml) of different strains of S. reveromyceticus SN-593 was extracted with an equal volume of acetone and centrifuged at 5000 g for 10 min. The supernatant was concentrated in vacuo to remove acetone. The pH of the aqueous extract was adjusted to 4.0 by adding acetic acid, and the extract was extracted twice with an equal volume of ethyl acetate. The organic layer was dried in vacuo and the residue was dissolved in 1.2 ml of methanol. An ESI-MS analysis was performed using a Waters Alliance HPLC system equipped with a mass spectrometer (Q-Trap; Applied Biosystems, Foster City, CA, USA). The HPLC used an XTerraMSC18 (Waters, Milford, MA, USA) 5 mm (2.1Â150 mm) column and a flow rate of 0.2 ml min À1 . Solvent A was 0.05% aqueous formic acid and solvent B was acetonitrile. After the column was equilibrated with 30% solvent B, 1 ml of extracted sample was injected into the column. The column was then developed with a linear gradient from 30 to 100% of solvent B over 20 min and was kept at 100% of solvent B for 20 min. Mass spectra were collected in the ESI-negative mode.
Isolation of 1, 2 and 3
The NRM2 strain was cultured as described above. An equal volume of acetone (770 ml) was added to the total culture broth and filtered to remove mycelia. The filtrate was evaporated in vacuo to remove acetone; the pH of the water layer (770 ml) was adjusted to 4.0 by adding acetic acid. Two extractions were performed using the same volume (770 ml) of ethyl acetate. The organic layer was dried in vacuo to obtain 410 mg of yellow-brown residue. This material was applied to a silica gel column and stepwise elution with CHCl 3 /MeOH (250 ml each of 100/0, 100/1, 100/2, 100/5, 100/10, 100/20, 100/50, 100/100 and 0/100) was carried out to yield nine fractions.
The CHCl 3 /MeOH 100/5 fraction (185 mg) was purified with a reversedphase HPLC column PEGASIL ODS (Senshu Scientific, Tokyo, Japan) (i. d. 20Â250 mm, SSC) equipped with a 2996 Photodiode Array Detector (Waters). Elution proceeded at a flow rate of 9 ml min À1 with 40% CH 3 CN, yielding 9 mg of 1 and 15 mg of 2 at 17 and 12 min, respectively. The CHCl 3 100% fraction (153 mg) was applied to the same HPLC system and eluted with 60% CH 3 CN-0.05% formic acid to yield 39 mg of 3, in the form of a yellow powder (Figure 1) . 
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